The dlt operon encodes proteins that alanylate teichoic acids, the major components of cell walls of gram-positive bacteria. This generates a net positive charge on bacterial cell walls, repulsing positively charged molecules and conferring resistance to animal and human cationic antimicrobial peptides (AMPs) in grampositive pathogenic bacteria. AMPs damage the bacterial membrane and are the most effective components of the humoral immune response against bacteria. We investigated the role of the dlt operon in insect virulence by inactivating this operon in Bacillus cereus, which is both an opportunistic human pathogen and an insect pathogen. The ⌬dlt Bc mutant displayed several morphological alterations but grew at a rate similar to that for the wild-type strain. This mutant was less resistant to protamine and several bacterial cationic AMPs, such as nisin, polymyxin B, and colistin, in vitro. It was also less resistant to molecules from the insect humoral immune system, lysozyme, and cationic AMP cecropin B from Spodoptera frugiperda. ⌬dlt Bc was as pathogenic as the wild-type strain in oral infections of Galleria mellonella but much less virulent when injected into the hemocoels of G. mellonella and Spodoptera littoralis. We detected the dlt operon in three gram-negative genera: Erwinia (Erwinia carotovora), Bordetella (Bordetella pertussis, Bordetella parapertussis, and Bordetella bronchiseptica), and Photorhabdus (the entomopathogenic bacterium Photorhabdus luminescens TT01, the dlt operon of which did not restore cationic AMP resistance in ⌬dlt Bc ). We suggest that the dlt operon protects B. cereus against insect humoral immune mediators, including hemolymph cationic AMPs, and may be critical for the establishment of lethal septicemia in insects and in nosocomial infections in humans.
Gram-positive bacteria are generally enclosed by cell walls consisting of macromolecular assemblies of cross-linked peptidoglycan (murein), polyanionic teichoic acids (TAs), and surface proteins (69) . TAs are polymers of repeating glycerophosphate residues. They may be covalently anchored to either peptidoglycan (wall-associated TAs) or the cytoplasmic membrane via glycolipids (lipoteichoic acids [LTAs] ). TAs may be involved in controlling cell shape, autolytic enzyme activity, and cation homeostasis (69) . They make a significant contribution to the overall negative charge of the bacterial cell wall, attracting negatively charged compounds, including the cationic antimicrobial peptides (AMPs) of the innate humoral immune systems of higher organisms (69) .
Many of the gram-positive bacterial species pathogenic to humans display resistance to cationic AMPs because of a decrease in the net negative charge of bacterial cell envelopes (75) . Modifications to the TAs at the bacterial surface involving the incorporation of positively charged residues, such as D-alanine, prevent cationic AMPs from reaching their target, thereby protecting the organism against these compounds.
This process involves the Dlt proteins encoded by the dltABCD operon present in most of the genome sequences established to date for gram-positive bacteria (44, 58, 74) . D-Alanine is incorporated into LTAs through a two-step reaction involving a D-alanine-D-alanyl carrier protein ligase (Dcl) and a D-alanyl carrier protein (Dcp), encoded by the dltA and dltC genes, respectively (18, 44, 45, 70) . The dltB and dltD genes encode other proteins required for the D-alanylation of LTAs. DltD is involved in selection of the Dcp carrier protein for ligation with D-alanine (19) , whereas DltB is thought to be involved in D-alanyl-Dcp secretion (69) . D-Alanine may be transferred from D-alanylated LTAs to wall-associated TAs by transacylation. For many human gram-positive bacterial pathogens, dlt operon inactivation has been shown to affect bacterial resistance to cationic AMPs and virulence. Indeed, Listeria monocytogenes, Bacillus anthracis, Staphylococcus aureus, Streptococcus pneumoniae, Streptococcus pyogenes, Lactobacillus reuteri, and group B streptococci harboring mutations in dlt genes all have a higher negative charge on the cell surface and are more susceptible to cationic AMPs of various origins (1, 34, 56, 58, 59, 77, 78, 89) . The inactivation of dlt genes in these pathogenic bacterial species also decreases interactions with phagocytic and nonphagocytic cells (1, 13, 34, 78) .
The impact of Dlt proteins on cationic AMP resistance and virulence in insect bacterial pathogens has never before been studied, despite the major role of cationic AMPs in insect humoral immunity (9, 61) . Insect bacterial pathogens also termed entomopathogenic bacteria are able to multiply in the insect hemocoel from small inocula (Ͻ10,000 viable cells) and produce fatal septicemia (8, 57) . Entomopathogenic bacteria entering the hemolymph are targeted by an array of immune system mediators of both cellular and humoral reactions. The cellular response results in bacterial phagocytosis or encapsulation by circulating hemocytes, whereas the humoral response generates cationic AMPs (61) . These peptides are small, inducible molecules produced in large amounts in hemolymph by the fat body (9, 26) . They participate to the insect antimicrobial defense in a systemic response. Many AMP have been reported to cause damage in microbial membranes, which may ultimately lead to bacterial cell lysis (94) .
We investigated the role of the dlt operon in cationic AMP resistance and virulence in Bacillus cereus, a human opportunistic and insect facultative bacterial pathogen. B. cereus sensu stricto is a spore-forming gram-positive bacterium. The B. cereus sensu lato group of bacteria also includes the closely related insect pathogen Bacillus thuringiensis and the human pathogen B. anthracis. Genomic data have shown that B. thuringiensis and B. cereus have almost identical chromosomal genetic backgrounds (54, 55) but that B. thuringiensis carries a plasmid encoding entomopathogenic cytoplasmic crystalline ␦-endotoxins (Cry proteins) specifically active against insect larvae upon ingestion (22, 23, 83) . B. cereus can cause opportunistic food-borne gastroenteritis and local/systemic infections in immunocompromised humans (85) . Both B. thuringiensis (with and without Cry toxins) and B. cereus strains are highly pathogenic when injected directly into the hemocoels of insect larvae, in which they cause lethal septicemia (46, 82, 86, 96) .
The occurrence, structure, and glycosylation of LTAs were studied for different Bacillus species, including B. cereus strains containing LTAs (built up of polyglycerol phosphate chains and hydrophobic anchors) and D-alanine (11, 50, 51, 62) . Therefore, the presence of a dlt operon in the B. cereus 14579 genome suggests that the LTAs may be alanylated.
We report here that the dlt operon of B. cereus is required for resistance to cationic AMPs of bacterial or insect origin. The dlt operon is required for full B. cereus virulence following bacterial injection into two lepidopteran insects, the caterpillar Spodoptera littoralis and the wax moth Galleria mellonella. We also detected the dlt operon in three gram-negative bacterial genera: Erwinia (Erwinia carotovora), Bordetella (Bordetella pertussis, Bordetella parapertussis, and Bordetella bronchiseptica), and Photorhabdus (the entomopathogenic bacterium Photorhabdus luminescens TT01).
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. Permanent stocks of all bacterial strains were maintained at Ϫ80°C in Luria-Bertani (LB) broth supplemented with 17% glycerol. The bacterial strains and plasmids used in this study are listed in Table 1 . B. cereus ATCC 14579 and Escherichia coli strains were routinely grown in LB broth (Difco) or on LB agar (Difco) at 37°C for E. coli and 30°C or 37°C for B. cereus. E. coli K-12 TG1 and E. coli K-12 XL1Blue were used as hosts for cloning, and E. coli ET 12567 Dam Ϫ Dcm Ϫ was used to generate unmethylated DNA for the electrotransformation of B. cereus. For electrotransformation experiments, B. cereus was grown in brain heart infusion broth (Difco) at 37°C. E. coli and B. cereus strains were transformed by electroporation, as previously described (27, 64) . When required, the final concentrations of the chemicals and antibiotics added were as follows: 40 g ⅐ ml Ϫ1 X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside), 100 g ⅐ ml Ϫ1 ampicillin (Ap), and 20 g ⅐ ml Ϫ1 kanamycin (Km) for E. coli and 120 g ⅐ ml Ϫ1 X-Gal, 10 g ⅐ ml
Ϫ1
erythromycin (Em), and 200 g ⅐ ml Ϫ1 Km for B. cereus. (38) as a 1.5-kb XbaI-PstI fragment carrying the aphA3 gene. An 846-bp XbaI-EcoRI fragment (extending from position Ϫ865 to Ϫ27 with respect to the dltX translation initiation site) and an 838-bp PstI-BamHI fragment (extending from position ϩ9 to ϩ855 with respect to the dltD stop codon) were generated by PCR, using the following pairs of oligonucleotides: dlt1 (5Ј-GCT CTAGAGCTCTTTGTAGGTATCATGT-3Ј) and dlt2 (5Ј-CGGAATTCTACG TCTGGAGCTGCCATC-3Ј), containing the sites for XbaI and EcoRI, respectively (underlined), and dlt3 (5Ј-AAAGTGCAGCGCTTGAATTACTCAAGT GGTC-3Ј) and dlt4 (5Ј-CGGGATCCGAGAAGGTAGATGAGGCGA-3Ј), containing the sites for PstI and BamHI, respectively (underlined). These two amplified DNA fragments were inserted into E. coli TG1, on each side of the 1.5-kb XbaI-PstI fragment carrying the aphA3 gene, between the EcoRI and the BamHI sites of the thermosensitive plasmid pMAD, conferring Em resistance to B. cereus and Ap resistance to E. coli. The resulting pMAD-updlt-aphA3Km-downdlt plasmid was verified by restriction mapping and introduced, by electroporation, into E. coli ET 12567. The demethylated plasmid was then prepared from E. coli ET 12567 and introduced, by electroporation, into B. cereus ATCC 14579 (64) . Transformants were obtained after growth for 2 days at 30°C on LB plates containing 120 g ⅐ ml Ϫ1 X-Gal, 5 g ⅐ ml Ϫ1 Em, and 200 g ⅐ ml Ϫ1 Km. Gene deletion was achieved by recombination, as previously described (63), but with minor modifications (3) .
A pool of individual blue clones was used to inoculate an overnight culture of LB medium supplemented with 10 g ⅐ ml Ϫ1 Em, which was incubated at 30°C until stationary phase was reached. The culture was diluted in fresh medium and incubated for 2 hours at 42°C. Two more cycles of dilution in fresh medium and growth under the same conditions were then carried out. Finally, single white and blue colonies were isolated by plating dilutions of the culture onto LB agar plates containing X-Gal and incubating at 40°C. Several white colonies were isolated and checked for resistance to Km and susceptibility to Em. Strains resistant to Km and susceptible to Em arose through a double-crossover event in which the chromosomal wild-type copies of the dltXABCD genes were deleted and replaced with the Km r cassette. Construction of vectors for complementation tests. For the complemented strains, the entire dltXABCD open reading frame (ORF) of B. cereus without its promoter region was amplified by PCR with Taq DNA polymerase (Extensor High-Fidelity; Thermo Scientific), using B. cereus ATCC 14579 genomic DNA as the template and using the forward primer SacI-dltD (5Ј-GCGCGAGCTCGA GCGAGTTATGAAAGAAGC-3Ј) and the reverse primer SmaI-dltX (5Ј-AGG CCCGGGGAGAGGGAAAGACATGGAA-3Ј), which include the restriction sites for SacI and XmaI, respectively (underlined). The resulting 4.447-kb fragment was hydrolyzed with SacI and XmaI, gel purified, and ligated to the pHT315 shuttle vector previously hydrolyzed with the same enzymes. An aliquot of ligation mixture (ϳ50 ng DNA) was used to transform E. coli TG1 by electroporation. The resulting construct, pHT315-dltBc, was verified by restriction mapping and was then directly introduced into ⌬dlt Bc by electroporation. The dltCDBA operon of P. luminescens was amplified by PCR with Taq DNA polymerase (Invitrogen), using TT01 genomic DNA as the template and the primers dltA bis (5Ј-GCGCGAATTCGGGCTAAAAATACTGGGCTGA-3Ј) and Down dltC (5Ј-GCGCCTGCAGCGGGTATAGAGAACTATGTGA-3Ј), which include the restriction sites for EcoRI and PstI, respectively (underlined). The resulting 4.4-kb fragment was hydrolyzed by EcoRI and PstI; gel purified; ligated to pHT304, pHT315, and pHT370; and used to electroporate E. coli XL1-Blue. The resulting constructs, pHT304-dltTT01, pHT315-dltTT01, and pHT370-dltTT01, were verified by restriction mapping and sequencing (Macrogen, Seoul, South Korea) and introduced into ⌬dlt Bc as described above. In these plasmids, the dlt gene transcription is under the control of the lacZ promoter, which is constitutively active in LB medium (25) .
Autolysis test. B. cereus wild-type and ⌬dlt Bc strains were grown in LB medium at 37°C, with shaking. Cells were harvested in exponential growth phase, washed twice with cold phosphate-buffered saline (PBS; Gibco), and resuspended in the same buffer supplemented with 0.05% Triton X-100 (Roche). Bacterial cells were incubated at 37°C without shaking, and autolysis was monitored by measuring the decrease in absorbance at 600 nm (A 600 ) at 30-min intervals on a microplate reader system (Tecan Infinite), recording changes in A 600 over time. The initial A 600 value was fixed at 100%, and the results shown are the means for three experiments.
Susceptibility to cationic AMPs. In vitro susceptibility to polymyxin B sulfate (Sigma), colistin methanesulfate (Sigma), protamine sulfate (Sigma), lysozyme from chicken egg white (Sigma), and nisin (Fluka) was evaluated by determining MICs for B. cereus ATCC 14579 and its isogenic derivatives. Stock solutions of colistin, polymyxin B, protamine, and lysozyme were prepared in sterile water to obtain concentrations of 20 mg ⅐ ml Ϫ1 , 50 mg ⅐ ml Ϫ1 , 10 mg ⅐ ml Ϫ1 , and 500 mg ⅐ ml Ϫ1 , respectively. Nisin was dissolved in 20 mM HCl to give a final concentration of 250 g ⅐ ml Ϫ1 . Bacterial strains were cultured to late exponential growth phase (optical density at 600 nm [OD 600 ], ϳ1.2) in LB broth (Difco) at 37°C and diluted 1:100 into individual wells containing various concentrations of cationic AMPs (series of twofold dilutions). Growth was scored after 24 h of incubation at 37°C, and microtiter plates were read visually. The MIC was considered to be the lowest concentration of compound that severely inhibited cell growth. In vitro susceptibility to Spodoptera frugiperda cecropin B (Cec B) was also evaluated by MIC determination using 25, 50, 75, and 150 g/ml of S. frugiperda Cec B. S. frugiperda Cec B was synthesized using tert-butyldicarbonate chemistry (Polypeptide Group, Strasbourg, France). The growth kinetics of the wild-type B. cereus strain and its isogenic ⌬dlt Bc mutant in LB broth (Difco) supplemented with the above-cited S. frugiperda Cec B concentrations at 37°C with shaking (Tecan Infinite) were monitored for 15 h. Growth data were recorded in triplicate for strains incubated with the antimicrobial compound, and A 600 measurements recorded after 15 h of incubation were averaged for the plotting of growth curves.
In vivo pathogenicity assays. The common cutworm, S. littoralis, was reared on an artificial diet at 23°C, with a photoperiod of 12 h. Greater wax moth (G. mellonella) eggs were hatched at 25°C, and larvae were reared on beeswax and pollen (Naturalim). The surfaces of insect fifth-instar larvae were sterilized with 70% (vol/vol) ethanol. A Hamilton syringe was then used to inject appropriate dilutions of bacteria into insect larvae. S. littoralis and G. mellonella were injected with 20 l and 10 l, respectively, of bacterial suspension, using 0.45 ϫ 13-mm needles (Terumo) and a 1-ml syringe with a microinjector (Kd Scientific). Groups of 20 larvae were injected, at the base of the last proleg (G. mellonella) or the second proleg (S. littoralis), with vegetative bacterial suspension (grown in LB medium at 30°C to an OD 600 of 1 to 2) or PBS buffer as a control. We tested doses of 5 ϫ 10 2 to 2 ϫ 10 4 CFU and recorded mortality for up to 168 h of incubation at 30°C for G. mellonella. For S. littoralis, doses of 3 ϫ 10 3 to 1 ϫ 10 4 CFU were used and mortality was recorded for up to 80 h of incubation at 23°C. Ingestion assays were performed on groups of 20 G. mellonella larvae force fed (using 0.5 ϫ 25-mm needles) with a mixture of 4 ϫ 10 5 to 5 ϫ 10 6 vegetative bacteria and 3 g of purified and activated CryIC toxin (10 l/larva) or with 10 l of toxin or PBS alone as a control (5) . Mortality was recorded for between 18 and 48 h after ingestion. We recorded the time of insect death to establish the 50% lethal time (LT 50 ; the time by which 50% of the insects had died), and various doses were used to investigate dose-dependent mortality. Bacterial concentrations (doses) were determined by counting the number of CFU formed after the plating of dilutions on LB agar. At least three independent experiments were performed for each strain. The in vivo plasmid stability test was performed as follows. Dilutions of ⌬dlt Bc /pHT315-dlt Bc and ⌬dlt Bc /pHT315 supplemented or not supplemented with 10 g ⅐ ml Ϫ1 Em were injected to insects. Bacterial dilutions prepared from infected or dead larvae were plated onto LB agar plates containing or not containing 10 g/ml of Em (for positive pHT315 plasmid selection and for negative selection of coccus insect microflora) and incubated for 24 h at 37°C. Plasmid stability rate was calculated by dividing the number of CFU counted on plates supplemented with antibiotic by the number of CFU counted on plates without antibiotic. (Fig. 1A) . Although flanking regions differ between gram-positive bacteria, remarkable similarities in genomic organization are observed between phylogenetically closely related bacterial species, such as the various Bacillus spp. Furthermore, no features indicative of mobility (tRNA, insertion sequences, and integrase genes) were identified in any of the studied dlt environments in gram-positive bacteria. Thus, the dlt operon of gram-positive bacteria probably belongs to the core genome (Fig. 1A) .
RESULTS

Identification of the
Identification of the dlt locus in gram-negative bacterial genomes. Genome database searches led to the identification of dlt operons in the genomes of three gram-negative genera: Erwinia (the phytopathogenic bacterium Erwinia carotovora subsp. atroseptica [4] ), Bordetella (the three species B. pertussis, B. parapertussis, and B. bronchiseptica [73] ), and Photorhabdus (the entomopathogenic bacterium P. luminescens TT01 [28] ) (Fig. 1B) . These dlt operons contained four ORFs corresponding to dltA, dltB, dltC, and dltD and encoding proteins 34%, 29%, 29%, and 21% identical to those of B. subtilis, respectively. Their order differs from that described for gram-positive bacteria. The dlt operons of P. luminescens and Bordetella spp. were identical and were found to contain an additional ORF between the dltD and dltB genes, predicted to encode a 41-aa protein 32% identical to a hypothetical protein of Arcobacter butzleri RM4018 (GenBank accession no. CP000361).
The dlt loci of the three gram-negative bacterial genera were probably acquired by horizontal genetic transfer and therefore belong to the flexible gene pool. Indeed, the dlt locus of E. carotovora is part of a 60-kb putative genomic island flanked by a tRNA Arg gene. The dlt locus of P. luminescens has a GϩC content very different from that of the rest of the chromosome (30% versus 43% for the genome as a whole) and is located in a putative region of genomic plasticity absent from the genomes of most enterobacteria. Finally, the dlt locus of Bordetella spp. is itself a putative region of genomic plasticity, as it is present in some Bordetella spp. (B. pertussis, B. parapertussis, and B. bronchiseptica) but absent from Bordetella petrii DSM 12804 (GenBank accession no. AM902716).
The regions of genomic plasticity containing the dlt locus in both P. luminescens and E. carotovora are flanked by core genome genes also involved in bacterial cell surface modifications reducing the overall negative charge of the cell wall. In P. luminescens, these genes include lysC and aceK (mprF homolog), which are involved in the pathways of L-lysine synthesis and incorporation into cell membrane phospholipids, respectively (76) . In Erwinia, homologs of the pbgPE operon (yfbEFGHIWJ or pmrHFIJKLM) and the ugd gene (pmrE) were identified. The pbgPE and ugd genes encode enzymes mediating aminoarabinose synthesis and the transfer to lipid A of several bacterial lipopolysaccharides (LPSs) conferring resistance to cationic AMPs in gram-negative bacteria (24, 39, 40) .
Construction and phenotypic characterization of the isogenic B. cereus dlt mutant. We investigated the role of the dlt operon in B. cereus ATCC 14579 by deleting the entire operon by allelic exchange. The phenotypic traits of the resulting ⌬dlt Bc mutant and the wild-type strain were compared. ⌬dlt Bc colonies were smaller than wild-type colonies after growth on LB agar plates for 15 h at 37°C (Fig. 2A) . Furthermore, light microscopy showed that mutant cells had an aberrant shape (pleomorphism) and were smaller (5 m) than the wild type (5 to 30 m) (Fig. 2A) . Similar differences were observed during the exponential ( Fig. 2A) and stationary (not shown) growth phases. ⌬dlt Bc also formed shorter chains than the wild type during the exponential and stationary phases. In LB medium, the wild-type and mutant B. cereus strains grew similarly, but with a slightly longer lag phase for the dlt mutant (30 min) (Fig.  2B) . However, both strains reached the same OD 600 after 4 h of growth in LB medium at 37°C. The ⌬dlt Bc strain was able to form spores on HCT (hydrolysate casein-tryptone) agar sporulation-specific medium, with the same efficiency as the wildtype strain.
The mutation of dlt genes in other species of gram-positive bacteria increases autolysis (56, 58, 72, 84, 90) . Autolysis rates were similar for the ⌬dlt Bc mutant and wild-type strains during growth in LB medium (data not shown). In contrast, autolysis tests with Triton X-100 showed that autolysis was more rapid in ⌬dlt Bc than in the wild-type strain (Fig. 2C) . The B. cereus wild-type and ⌬dlt Bc strains displayed similar levels of autolysis after 6 hours of incubation (not shown).
The B. cereus dlt operon is required for in vitro resistance to structurally different cationic AMPs. We assessed the role of the dltXABCD operon in the resistance of B. cereus to cationic AMPs by determining MICs for the wild-type and ⌬dlt Bc strains (Table 2 ). When challenged with bacterial polymyxin B, colistin, and nisin and salmon sperm protamine, the MICs obtained were lower for ⌬dlt Bc than for the wild-type strain by factors of 2 to 64. Full (nisin) or partial (polymyxin B, colistin, and protamine) complementation was obtained by introducing the dltXABCD operon under the control of the lacZ constitutive promoter from the pHT315 plasmid (pHT315-dltBc; 15 copies/bacterium) into the ⌬dlt Bc mutant, demonstrating that dlt deletion was responsible for the resistance defect. The dlt operon of B. cereus is therefore an important component of the intrinsic resistance of B. cereus to cationic AMPs.
TAs have been found only in gram-positive bacteria (69) . Nevertheless, we identified dlt operons in some gram-negative bacterial species. We investigated the possible role of these genes in cationic AMP resistance by functional complementation of the ⌬dlt Bc mutant with the dltDBAC operon of another entomopathogenic bacterium, P. luminescens TT01. We inserted the TT01 dlt operon downstream from the constitutive lacZ promoter in plasmids for which there were 4, 15, or 70 copies per bacterial cell (pHT304-dltTT01, pHT315-dltTT01, or pHT370-dltTT01, respectively) ( Table 1 ) and introduced them into the ⌬dlt Bc strain. The MICs of polymyxin B, colistin, nisin, and protamine for ⌬dlt Bc harboring the TT01 dlt operon were similar to those for the ⌬dlt Bc mutant ( Contribution of the dlt operon to insect humoral immune resistance. We investigated the requirement of the B. cereus dlt operon for resistance to the molecules of the insect humoral immune system. We first assessed resistance to lysozyme from chicken egg white. Lysozymes are major constitutive enzymes of the insect humoral immune response that were isolated from the lepidopteran insects Bombyx mori, G. mellonella, and S. littoralis and were structurally classified among the C (chicken) type lysozymes (52) . We found that the MIC of lysozyme for ⌬dlt Bc was lower than that for the wild type by a factor of at least 16 ( Table 2) . We also assessed resistance to S. frugiperda Cec B, a natural inducible cationic AMP isolated from the moth Spodoptera frugiperda. We showed that wild- type B. cereus is highly resistant to S. frugiperda Cec B, with a MIC greater than 125 g/ml. This high MIC of S. frugiperda Cec B made MIC experiments too expensive. We therefore restricted MIC determination test to four concentrations of S. frugiperda Cec B (25, 50, 75, and 150 g/ml). The isogenic ⌬dlt Bc mutant could not grow in LB medium to which 150 g/ml of S. frugiperda Cec B had been added, whereas the parental strain grew well and was highly resistant (Fig. 3) . Thus, the dlt operon mediates resistance to insect humoral immune mediators in B. cereus.
The B. cereus dlt operon mutation abolishes or greatly attenuates virulence in lepidopteran insects. The finding that the dlt operon is essential for B. cereus resistance to insect cationic AMPs led us to investigate the effects of mutating this operon on bacterial virulence in insects. We injected similar doses (3 ϫ 10 3 to 1 ϫ 10 4 CFU) of cells of the parental strain (B. cereus ATCC 14579), the dlt knockout mutant harboring pHT315 (⌬dlt Bc /pHT315), and the complemented dlt mutant (⌬dlt Bc / pHT315-dlt Bc ) directly into the hemocoels of S. littoralis larvae and monitored insect mortality after injection (Fig. 4A) . Remarkably, only between 0 and 5% mortality was observed with ⌬dlt Bc /pHT315. The introduction of pHT315-dltBc into the dlt mutant partially restored virulence after a slight time lag. The LT 50 values for a dose of 1 ϫ 10 4 CFU/larva were 15 h for the wild type and 32 h for the complemented strain. We confirmed the maintenance of pHT315-dltBc in the bacterial population in vivo more than 24 h after injection, even in dead larvae (100% plasmid stability rate). Injection experiments were also carried out with G. mellonella, previously shown to be susceptible to the wild-type strain studied here. In this insect, the lower level of virulence of the ⌬dlt Bc mutant than of the parental strain was less marked than in S. littoralis. However, clear differences were observed in lethal time analysis (Fig.  4B) . Following the injection of 1 ϫ 10 4 CFU/larva, 90% mortality was observed for the wild-type strain, 50% mortality was observed for the ⌬dlt Bc mutant, and 70% mortality was observed for the complemented strain 168 h after injection. The LT 50 of G. mellonella was 10 h for the wild type, 168 h for the ⌬dlt Bc mutant, and 40 h for the complemented strain (Fig. 4B) .
In contrast, oral infection of G. mellonella with vegetative bacteria associated with Cry1C toxin (82) resulted in similar mortality rates for the wild-type, ⌬dlt Bc mutant, and complemented strains. Indeed, 50% mortality at a dose of 5 ϫ 10
5
CFU and 70% at a dose of 5 ϫ 10 6 CFU were recorded 48 h after ingestion (data not shown) for all strains. Thus, the dlt operon is involved in B. cereus virulence when injected directly into insects but plays only a minor role in oral infection.
DISCUSSION
The widespread distribution of the dlt operon among grampositive pathogens and commensal species suggests that Dalanyl-TAs are biologically important in various microbial niches. In a number of medically important gram-positive pathogens, including S. aureus and Staphylococcus xylosus (77), S. pyogenes (58) , L. monocytogenes (1), B. anthracis (34) , and S. pneumoniae (56) , D-alanylation of cell wall-bound LTA decreases the overall negative charge of the cell wall, decreasing the binding of cationic AMPs and autolysins to the bacterial cell surface. Studies of the role of dlt in rodent infection models showed that this operon was required for host-pathogen interactions involving L. monocytogenes, S. aureus, B. anthracis, and S. agalactiae (1, 13, 34, 78) . We show here, for the first time, that the dlt locus of the human opportunistic and entomopathogenic bacterium B. cereus ATCC 14579 is important for protection against insect humoral immune mediators, in- AMPs constitute families of bactericidal peptides widely produced by microbes to inhibit the growth of competing strains (14, 81) and by higher organisms as part of the humoral immune response to bacterial infections (42, 95) . Many AMPs are thought to act by accumulating in the cytoplasmic membrane to a critical concentration allowing the assembly of structures that permeabilize the cell (41, 42) . As the B. cereus dlt mutant was much less susceptible than the wild type to the highly cationic peptides polymyxin B, colistin, protamine, Cec B from insects, and C-type lysozyme, we hypothesize that the greater susceptibility of the B. cereus dlt mutant and its more rapid autolysis were due to changes in the electrostatic interactions of peptides and autolysins with the mutant cells. These findings also suggest that this bacterium may use dlt-mediated D-alanylation of TAs as a strategy for adaptation to insect hemolymph, into which humoral mediators, such as cecropins and lysozymes, are secreted.
We showed in vivo that the B. cereus dlt mutant was almost completely nonvirulent after injection into S. littoralis but not after injection into G. mellonella, in which the virulence of the dlt mutant was only attenuated. Furthermore, preliminary data indicate that septicemia in S. littoralis hemolymph was observed 8 to 10 h after the injection of wild-type bacteria but that the ⌬dlt Bc mutant was rapidly eliminated from hemolymph (data not shown). This efficient clearance of the B. cereus dlt mutant in the S. littoralis hemolymph probably results from its greater susceptibility to S. littoralis circulating humoral mediators. In contrast, the B. cereus dlt mutant is probably able to persist in the hemocoel of G. mellonella, since this insect shows only a 50% decrease in mortality. One could ask if G. mellonella AMPs are different from those produced by S. littoralis. AMPs are classified into three major groups on the basis of amino acid sequence and structural characteristics (10) . Biochemical approaches conducted on G. mellonella led to the purification of about 10 AMPs belonging to those three groups, that is to say, (i) linear ␣-helical peptides (5 cecropins and moricins), (ii) cysteine-stabilized peptides (3 defensin-like AMPs), and (iii) peptides rich in certain amino acids (2 prolinrich AMPs) (7, 15, 53, 60, 66) . A similar pattern of AMPs in Spodoptera spp. was characterized (68, 71, 88) . Consequently, the differences in dlt mutant virulence observed between G. mellonella and S. littoralis could not be assigned to a defect in one of the major groups of AMPs. Nevertheless, it is noteworthy that there are no data available concerning the concentration of the different AMPs in the hemolymph of the two insects. We hypothesized that the difference in dlt mutant virulence observed between G. mellonella and S. littoralis is due to a difference in the concentration and/or synergistic effect of the AMPs in the bloodstream.
With the exceptions of Xenorhabdus and Photorhabdus strains, the ingestion of entomopathogenic microorganisms is probably the main route of insect infection under natural conditions (87) . This is clearly the case for B. thuringiensis, because Cry toxins are activated only after oral ingestion. The ingested bacteria may persist in the gut, where they may trigger local AMP gene expression and cross the intestinal barrier to reach the hemocoel (61) . In this study, we used the lepidopteran model G. mellonella for oral infection, because this model has already been used to identify various virulence genes in the B. cereus group (5, 30, 32, 82) . However, little is known about AMP production in the gut of this insect. Ingestion bioassays with G. mellonella showed the B. cereus dlt mutant and wildtype strains to be similarly virulent and efficient, indicating that the role of the dlt operon in virulence in this insect depends on the route of inoculation. Nevertheless, the insect gut lumen is an environment hostile to microbial colonization, due to its physical and physiological properties and the lysozyme secretion (16, 48) . Therefore, although the dlt operon increases the resistance of B. cereus to both lysozyme and Cec B, it is not involved in the colonization of the G. mellonella gut. This suggests that the AMPs secreted locally in the gut differ quantitatively or qualitatively from those of the systemic response in hemolymph. Alternatively, bacteria may be resistant to the AMPs in the insect gut through strategies other than cell surface modifications. For instance, effectors, such as proteases, may specifically degrade the AMPs produced in the gut or by AMP-producing cells. Previous studies consistent with this notion showed that the entomopathogenic bacterium B. thuringiensis secretes metalloproteases also present in B. cereus: InhA1, which specifically hydrolyzes cecropins in the immune hemolymph of Hyalophora cecropia in vitro (17, 29) , and InhA2, which has been shown to be essential for virulence after oral ingestion in G. mellonella larvae (32) . Nevertheless, InhA1 and InhA2 were not necessary for virulence by injection in B. mori larvae and were not able to ensure bacterial survival in immunized hemolymph (32) . Hence, we can speculate that a massive production of InhA1 and InhA2 proteases during stationary phase allows multiplication of the bacteria in the insect gut (31, 37) whereas in hemolymph, the cationic AMP resistance of the vegetative cells is primarily dependent on Dlt alanylating proteins. The difference in dlt-mediated virulence after administration by injection and ingestion may also be related to the cellular immune response. Following injection into insect hemolymph, one of the earliest immune responses against bacterial infection in lepidopteran hemolymph is hemocyte-mediated phagocytosis (80) . In contrast, hemocytes are unlikely to be encountered in the gut lumen. Cellular reactions may therefore lead to the clearance of the B. cereus dlt mutant after injection. Indeed, several studies indicate important roles for TA D-alanyl substitutions in bacterial adhesion to and infection of host cells (92) . These roles have been studied thoroughly for L. monocytogenes, S. pyogenes, and S. aureus, whose respective dlt mutants were impaired in their ability to adhere to epithelial or endothelial cells (1, 58, 91, 93) , thereby decreasing the intracellular survival of these bacterial species confronted with antimicrobial activities during phagocytosis by mammalian immunocompetent cells (1, 13, 34) . Moreover, LTAs of S. aureus, S. pneumoniae, and many other grampositive bacterial species are thought to have immunostimulatory activity (67) by eliciting the proinflammatory responses through the transmembrane protein Toll-like receptor 2 (21) . These responses are efficiently amplified only if LTAs are modified with D-alanine (20) .
Finally, we cannot exclude the possibility of another, as-yetunidentified function of the dlt operon to account for the difference in dlt-mediated virulence after administration by injection and ingestion. Indeed, TAs were described only for gram-positive bacteria, but we showed that the dlt operon had been acquired through horizontal genetic transfer by five gram-negative bacterial pathogen species. Since the dlt operon of the entomopathogenic P. luminescens TT01 strain could not restore the cationic AMP resistance of the B. cereus dlt mutant, the gram-negative dlt genes may therefore be involved in the D-alanylation of other substrates on bacterial cell surfaces. In gram-negative bacteria, LPS is the major cell surface glycopolymer. As TAs, LPS is highly anionic and can be modified by addition of polar groups in many pathogenic bacterial species, such as Salmonella and Photorhabdus species (24, 39, 47) . Consequently, reducing the overall cell surface negative charge confers resistance to cationic AMP in these bacterial species. To the best of our knowledge, it has never been shown that the LPS of gram-negative bacteria could be alanylated. Indeed, studies of Bordetella and Erwinia LPS structures are consistent with this notion (35, 79) . The structure of Photorhabdus LPS has never been elucidated. Finally, D-alanylation may occur on other cell surface components. Indeed, D-alanine is a structural component of peptidoglycan in both gram-positive and gramnegative bacteria (43) . Moreover, D-alanyl esters in B. subtilis are linked not only to TAs but also to two membrane proteins of unknown function (12) .
In conclusion, we show here, for the first time, that the Dlt resistance system of an entomopathogenic bacterium is effective against the humoral immune system of insects, contributing to the virulence and persistence of these bacteria. However, the impact of this system on cellular responses to B. cereus infection in insects is currently being studied, and the results of these studies may increase our understanding of the cross talk between insects and bacteria. 
